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An investigation  was  conducted to provide  insight  into  the fluid mechanics encoun- 
tered when film air from  a  single row of holes is injected  over  a  cylinder  in  a  main- 
stream  at  conditions simulating a film-cooled, turbine-vane leading edge. Smoke was 
added to  the  cooling a i r  to visualize its flow path.  Film  was  injected  in  the  spanwise 
direction at angles of 30' and 45O to the  surface and angular  locations of 15O, 30°, 45O, 
and 60' from  the  stagnation  line.  The tests were  run  at  a  mainstream Reynolds num- 
ber  based on the  cylinder  diameter  of 1. 2x105 and a cylinder-diameter-to-cooling-hole- 
diameter  ratio of 10.47.  These  conditions  simulated  those  at  the  leading  edge of an ad- 
vanced  turbine  vane.  Observations and photographs of the  smoke  in  the  injected  stream 
were  used to determine how various injection angles, cooling-hole locations, and blow- 
ing  ratios  (ratio of the  mass flux of the injected  stream  to  the  mass flux of the  local 
free  stream) affected film flow path, film growth and spreading, film penetration 
through  the  boundary  layer, and film  departure  from  the  surface.  The  observations  are 
related to the  measured  heat-transfer  data of others. 
The  results  indicated  that,  in  addition to the  expected  growth  in  film  thickness and 
the greater  penetration of the  boundary  layer  with  increasing blowing ratio,  there  was 
an absence of spanwise  spreading and only  a small  spanwise  deflection of the  injected 
film. The film thicknesses were greater, at given blowing ratios, with i.njection from 
holes 45' to the surface than from holes 30' to the surface. Also the injected film 
tended to separate  from the surface  as  the  angular  distance between  the  stagnation  line 
and the  injection  location  increased. 
INTRODUCTION 
Increases in  turbine-inlet  temperature and pressure have  reached  the  point  where 
heat flux levels  are too high for  hot-section  gas-turbine  components to be  adequately 
cooled by convection  alone.  Some  film  cooling is generally  required  to  protect  the 
metal  parts  from  the  hot  gas  stream. The most  practical method currently  used to film 
cool aircraft  turbine  blades and vanes is to  inject  the  cooling  air  from  discrete  holes in 
their  surfaces. It is important  that  the air be  injected  efficiently to provide  the  desired 
heat-transfer  protection  with  a  minimum  disruption of the  mainstream.  Poorly de- 
signed  film  injection  schemes  can  lead to mainstream  momentum  losses  that  severely 
reduce turbine aerodynamic efficiency (ref. 1) and, in some instances, even increase 
heat transfer to the surface (ref. 2). It is also important, for overall efficiency, to 
minimize  the amount of coolant  used. One of the  more  difficult  surfaces  to cool is that 
at  the  leading  edge. 
Recent  studies to determine  the  cooling  effectiveness of injected  cooling  film  on 
turbine-vane leading edges have used a cylinder in crossflow. Luckey, et al. (ref. 3) 
conducted  experimental  studies  using  a  single  row of spanwise  holes  at  three  injection 
angles and three  angular  injection  locations  relative  to  the  stagnation  line.  Sasaki, 
et  al.  (ref. 4) obtained  heat-transfer  data with a rounded-leading-edge, flat-plate 
model.  This  model had four  rows of holes  at  fixed  angular  injection  locations  relative 
to the  stagnation  line and at  various  injection  angles  relative  to  the  surface  in  the  span- 
wise  direction. Both reports showed an improvement  in  cooling  effectiveness  as  the  in- 
jection  angle  relative to the  surface was  decreased, when injecting  in  the  spanwise di- 
rection.  The  limited  amount of flow visualization  that  was  used  in  reference 4, showed 
primarily  that high  blowing ratios  (injection-stream  mass flux  to mainstream  mass 
f lux )  caused  the  injected flow to separate  from  the  surface. 
The  investigation  reported  herein  was  conducted  to  provide  further  insight  into  the 
fluid mechanics  encountered when film  air is injected  over  a  curved  surface  in  a  main- 
stream  at  conditions  simulating  a  film-cooled,  turbine-vane  leading  edge and to relate 
the  observations to measured  heat-transfer  data.  This  should  give  a  better  understand- 
ing of the  data  trends. 
In this  study,  smoke  was added to  the  simulated  cooling  air  to  visualize its path. 
Film  injection  in  the  spanwise  direction  from a two-hole  row was  studied  for two span- 
wise injection angles p (30' and 45' to the surface) at four angular locations 8 (15O, 
30°, 45O, and 60') from  the  stagnation  line and at  various blowing ratios. 
The tests were  run  with  ambient-temperature  air at a  constant  tunnel  velocity of 
15.5  meters  per  second.  The  mainstream  Reynolds  number  based  on  the  cylinder di- 
ameter   was  1 .2~10 , and the  ratio of cylinder  diameter  to  cooling  hole  diameter  was 
10.47. The local blowing ratio ML was varied from 0.21 to 3.50. Local blowing ra- 
tio is defined as the  ratio of the  mass flux  (product of the  density and velocity) of the in- 
jected  stream  to  the  mass flux of the  local  free  stream. 
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The  results  are  presented  as a ser ies  of photographs of the  smoke  in  the  injected 
stream. Visual observations are also discussed. The results include the effect of 
various cooling-hole arrangements and blowing ratios on injectant flow path,  film 
growth and spreading,  film  penetration  through  the  boundary  layer, and film  departure 
from  the  surface. Also included are  the  heat-transfer  performances  inferred  from  the 
flow visualization and comparisons  with  the  measured  heat-transfer  results of others. 
The  turbulent  structure of the  injected flow could  not be observed at the  stream  veloci- 
ties required to maintain  similitude for the tests herein. As a consequence, the influ- 
ence of this  turbulence  on  heat  transfer could not  be  determined. 
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APPARATUS AND PROCEDURE 
Apparatus 
A schematic  diagram of the  test  facility is shown in  figure 1. It  consisted  of (I) a 
partially  transparent  plastic tunnel  through  which  ambient-temperature  air  was  drawn 
into  a  vacuum  exhaust  line, (2) a  test  section (in the  tunnel)  that  included  a  cylinder with 
two film  injection  tubes, (3) a  secondary  air  system  that  supplied  the  injected  film  air, 
(4) a  smoke  generator, (5) a  plenum  that  served  as  a  collection  chamber  for  the  smoke 
and the  film  air, and (6) a  high-intensity  quartz  arc  lamp  that  was  used  to  illuminate 
the  smoke. 
The  tunnel  was  0.381 meter by 0.152 meter  in  cross  section. The test  section, 
shown in figure 2, consisted of a  cylinder mounted  on a  0.381-meter-by-0.61-meter 
plate. The cylinder was 11.43 centimeters in diameter and 15.24 centimeters high. 
Two metal  delivery  tubes  were  inserted  inside  the  cylinder  in  the  spanwise  direction to 
represent  film-cooling  passages. The ends of these  tubes  were  flush with the cylinder 
surface. The tubes were installed at an injection angle p of  30' (measured from the 
vertical in a  plane  through  the  cylinder and tube  axes)  for  some  tests and at an  angle of 
45' for  other  tests. The  cylinder  could  be  rotated about its  axis  to  obtain  the  effect of 
injection at different angular locations 8 measured from the stagnation line. These 
angles, p and 8, are referred to throughout this report. The inside diameter of the 
tubes was 1.09 centimeters and the length was 13.08 centimeters. The ratio of cylin- 
der  diameter to cooling-hole diameter  was 10.47, typical of an advanced  turbine  vane. 
The  smoke  generator,  a  schematic of which is shown in  figure 3, was  a  commer- 
cially  obtained  device  that  used  a  heated  mixture of carbon  dioxide  gas and mineral  oil 
to produce  an  inert  cloud of white  smoke.  This  smoke  was  introduced  through a rubber 
hose  into  the  plenum below  the test  section to be  mixed  with  the  injection  air. 
Procedure 
Ambient-temperature  air  was  used  for both injected flow and mainstream flow. 
The free-stream  velocity  upstream of the  test  cylinder  was  15.5  meters  per  second. 
This  velocity  was  calculated  from  measurements of the  total and static  pressure. The 
free-stream  turbulence  intensity  measured by a  hot-wire  probe  was 2 percent. The 
free-stream Reynolds number Re based on the  cylinder  diameter  was 1. %lo5, which 
simulated  the  Reynolds  number  expected  at  the  leading  edge of advanced  turbine  vanes. 
Observations of the  interaction of the  injected flow with  the  mainstream were made  at 
four angular locations 8 from the stagnation line of 15O, 30°, 45O, and 60' and at two 
spanwise injection angles p of 30' and 45O. Boundary-layer thicknesses 6 at each of 
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the  four  angular  locations  were  calculated by using  the  Blausius  solution  for  a  laminar 
boundary layer (ref. 6 ) .  The thickness 6 is defined as the distance from the surface 
to the  edge of the  boundary  layer,  where  the  velocity is 98 percent of the  free-stream 
velocity. 
In the  initial  tests,  helium-filled  soap  bubbles  were  used in  the  injected  stream  to 
visualize  the flow, as done in  reference 5. This method was not successful in  the  pre- 
sent  study,  however,  because  the  bubble  diameter (-0.13 cm)  was  larger than  the 
boundary-layer  thickness and, consequently, would not provide  the  desired  information. 
The smoke  generator  apparatus  was  therefore used  for  the  tests  reported  herein. 
The mass flux of the  injected  stream  was  calculated  from  the  continuity  equation by 
dividing the  sum of the  measured  mass flow rates of air and smoke  by  the  total  hole flow 
area. The injected-air mass flow rate was calculated from a rotameter reading. The 
smoke flow rate  was  determined by measuring  the change  in  the  weights of i ts  consti- 
tuents (C02 and mineral  oil) with time  at  a fixed pressure  regulator  setting  on  the 
smoke  generator.  This  same  regulator  setting  was  used  during  the  tests  to  maintain 
constant  smoke flow rate. The mass  f lux  of the  mainstream  was obtained from  the  pro- 
duct of the  local  mainstream  velocity  over  the  cylinder and the  atmospheric  air  density. 
The  local  mainstream  velocity  was  calculated  from  the  measured  tunnel  mainstream 
velocity and the equation (ref. 6 )  for potential flow around a cylinder. The density was 
obtained from  measured tunnel entrance  temperature and barometric  pressure  since  the 
pressure  in  the tunnel  was  essentially  the  same  as  room  pressure. 
Thirty-five-millimeter  slide  transparencies  were  taken to show the  interaction be- 
tween the injected film and the mainstream. Light reflections  sometimes  made good 
photographs difficult to obtain. In such  cases,  visual  observations  were  made. 
RESULTS AND DISCUSSION 
Some of the  test  results  are shown  in figures 4 to 7 as  photographs of the  smoke  in 
the  stream  injected  from  a  cylinder in crossflow. The calculated boundary-layer thick- 
nesses  varied  from 0.041 to 0.049 centimeter  at  angular  injection  locations 8 of 15' 
to 60' from  the  stagnation  line.  The  injected  film  was  always  thicker  than  the  calcula- 
ted boundary layer even at local blowing ratios M as low as 0.21 and for 8 as far as 
60' from  the  stagnation  line. 
A top view of the  air-smoke  mixture  being  injected in the  spanwise  direction  at  a p 
of 45' i s  shown in figure 4. @e  boundary-layer  thickness is  represented by the  sym- 
bol 6.)  Photographic evidence and visual observations of the film injected at a 8 of 
15' (fig. 4(a)) showed that the film remained close to the surface for an ML of 1.18. 
Figure 4@) shows the results of injection at a 8 of 30' for the same ML of 1.18. The 
partially void area in  the  region  immediately  downstream of the  exiting  jet  near  the sur-  
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face  indicates  that  the  main bulk of the  injected  film had separated  from  the  surface. 
Figure 4(c) shows  that  separation  also  occurred  at  a 8 of 45' even though the blowing 
ratio  was  lower (ML = 0.86). Figure 4(d) shows  that an even greater  film  separation 
from the surface occurred at a 8 of 60' although the ML was only 0.70. The same 
trend of increased  film  separation  from  the  surface with increased 8 was  observed at 
a p of 30'. This tendency of the film to separate from the surface with increased 8 
would, in  a  turbine  application,  promote  undesirable  mixing  with  the  hot  mainstream 
and result in increased  aerodynamic  losses. It would also  be  expected to decrease  the 
film-cooling effectiveness at a given ML. Reference 3, however, shows an opposite 
trend with respect  to  film-cooling  effectiveness.  The  reason is not known. 
The  effect of local blowing ratio  at  each of the two injection  angles p (30' and 45') 
at a fixed injection location 8 of 30' is shown in figure 5. At a low blowing ratio ML 
of 0.38 and at  a p of 30' (fig. 5(a)),  the  injected  stream  lay  close to the  surface in  
the injection area. When the film reached a 8 about 60' from the stagnation line, it 
unexpectedly  separated  from  the  surface.  This is not consistent with other  observations 
(fig. 5 (d), e. g), and the reason is not apparent. A t  a higher ML of 0.59 (fig. 5(b)), 
the film was thicker but was still close to the surface in the injection area. A s  the ML 
was  increased  to  1.18 (fig. 5(c)),  the  film  separated  from  the  surface  soon  after  injec- 
tion. This figure is an example of the photographic difficulty sometimes encountered. 
The void area  does not appear  clearly  because of light  reflections. An auxiliary  figure 
(fig. 6) shows  injection  at  the  same  conditions  as  figure  5(c)  but  with  overhead  lighting. 
The void area can  be  more  clearly  seen. 
From  these  results, we would expect  that  the  cooling  effectiveness  just  downstream 
of the  holes would increase with  blowing ratio,  reach  a  maximum  between ML = 0.59 
and ML = 1.18, and then s tar t  to decrease  as  the blowing ratio  was  further  increased. 
These  results  agree with  the  heat-transfer  measurements on a  cylinder  (ref. 3), which 
showed  that  maximum  cooling  effectiveness  occurred  at  a blowing ratio of about 1. 
These  results,  however,  disagreed with heat-transfer  measurements  on  a rounded- 
leading-edge,  flat-plate  model  (ref. 4), which  showed  that  the  maximum  cooling  effec- 
tiveness  immediately  downstream of the  holes  on  the  leading  edge  occurred  at blowing 
ratios  between 0 .4  and 0.5.  The reason  for  the  difference  may  be  the  different  geome- 
t r ies  of the  models  tested. 
As figures 5(d) to (f) show, the  results with a p of 45' were the same as those 
with a p of 30°, except  that  the  film  thicknesses  were  greater  for 45' injection than 
for 30' injection. This means that, for a film-cooled turbine vane, more of the film 
would lie  close to the  surface with 30' injection.  This  should  produce  more  effective 
wall  cooling.  This  result  agrees with the  heat-transfer  results of reference 3, which 
showed  an  improvement in film-cooling  effectiveness with decreasing p.  
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Another  important  factor  influencing  film  cooling is the  lateral (spanwise) spreading 
and coverage of the  surface. At  blowing ratios above about 0.4, visual  observation of 
film  injection at all angular locations 8 showed no observable difference in the width 
(or spreading)  from  the  injection  point to about 80' from  the  stagnation  line. At  blowing 
ratios below 0.40 the  injected  stream "necked down" slightly about two hole  diameters 
downstream. Figure 7 is a side view of film injection from a 8 of 30'. This figure 
illustrates how much  the  film  spread and its deflection  from  the  streamwise  direction  as 
it flowed over the cylinder surface. The photographic results were adversely affected 
by light reflections. Three blowing ratios are illustrated (ML of 0 . 3 8 ,  0.60, and 
1.19). Figure 7(a) shows the cylinder with no injection and is included to establish the 
location of the stagnation line. A t  an ML of 0 . 3 8  (fig. 7(b)), no spreading can be seen. 
Although it is not shown clearly  in  the  photograph,  there  was,  as  mentioned  previously, 
a  slight  necking down of  the  film  stream  at  about two hole  diameters  downstream.  The 
injected  film  was  almost  immediately  turned i n  a  direction  nearly  parallel  to  the  main- 
stream. At an ML of 0.60 (fig. 7 (c)) the nearly constant width of the film stream  was 
maintained. A t  the hole exit, this  film  was  inclined  at an angle of approximately 25' to 
the  mainstream. Within  one  hole  diameter  downstream of injection,  the  film  was  bent 
to about 5' from  the  mainstream. When the blowing ratio  was  increased  to 1.19 (fig. 
7(d)), the  film  was  inclined  at an angle of approximately 35' to the  mainstream  at  the 
hole  exit.  Within  one  hole  diameter  downstream of injection,  the  film  was  bent to about 
10' from the mainstream. Generally, for the cylinder, the absence of film spreading 
and the  small  lateral  angles of the  injected  stream  indicate  difficulty  in  obtaining good 
lateral  coverage even  when the  film-cooling air  is injected  in  a  spanwise  direction. 
From  these  results, we would expect  the  cooling  effectiveness  to  remain  highest i n  
the mainstream direction downstream of the holes. Reference 3, however, showed that 
lower  cooling  effectiveness  was  measured  in  this  region  than  between  the  holes.  This 
would indicate  that  some  deflection and spreading of the  film  occurred  in  the  tests of 
reference 3. The  reason  for  this  difference  in  results  may  be  the  three  times  larger 
cylinder-diameter-to-cooling-hole-diameter  ratio  used  in  reference 3 than  used herein. 
The  cylinder-diameter-to-cooling-hole-diameter  ratio of 10.47  used  herein  was  repre- 
sentative of that  expected  in  advanced  turbine  vanes. 
SUMMARY O F  RESULTS 
This  investigation  provided  insight,  by  means of flow visualization,  into  the fluid 
mechanics  encountered when film  air  is  injected  spanwise  through  a  row of holes  in a 
cylinder surface in crossflow. The cylinder simulated a film-cooled, advanced- 
turbine-vane leading edge. The results  were  as follows: 
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1. The  injected  film  was  always  thicker  than  the  calculated  boundary  layer  even  at 
local blowing ratios  (ratios of injection-stream  mass flux to local  free-stream  mass 
flux) as low as  0.21 and for  injections  as  far  as 60' from the stagnation line. A s  ex- 
pected,  increasing  the blowing ratio  resulted  in  more  rapid  growth  of  film  thickness and 
a  greater tendency for  the  film to separate  from  the  surface. 
2. Separation of the  film  from  the  surface  occurred  at  lower blowing ratios  as  the 
film was injected at greater angles from the stagnation line. For example, separation 
occurred  at  a blowing ratio of 1.18  for  injection  at 30' from  the  stagnation  line,  at  a 
ratio of 0.86 for  injection  at 45' from  the  stagnation  line, and at  a  ratio of 0.70 for in- 
jection  at 60' from  the  stagnation  line. 
3. Film  thicknesses  at  a  given blowing ratio  were  greater  for  injection  at 45' to the 
surface  than  for  injection  at 30° to  the  surface. 
width (or spreading) of the  injected  stream  from  the  injection point to about 80' from 
the stagnation line. This was observed for all injection locations. At blowing ratios 
below 0.4,  the  injected stream "necked down" slightly about two hole diameters down- 
stream of injection. 
4. A t  blowing ratios above  about 0 .4  there  was no observable  difference  in  the 
5.  A t  low blowing ratios (below about 0.4), the  injectant  was  turned  almost  imme- 
diately in a  direction  nearly  parallel to the  mainstream. At high blowing ratios (above 
about 1.0) the flow at  the  hole  exit  was  inclined  at an angle of approximately 35O to  the 
mainstream.  The angle then decreased to about 10' to the  mainstream within one hole 
diameter  downstream of injection. 
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Figure 3. - Smoke generator. 
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Figure 4. - Effect of film injection location 0 on a cylinder in crossflow at selected local blowing 
ratios ML Injection  angle p, 45O. 
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(a) p = 30'; ML = 0.38. 
(e) p = 45'; ML = 0.59. 
Figure 5. - Effect of local blowing ratio ML and injection angle p on a cylinder in crossflow. Injection location, 8, 30'. 
A 
Figure 6. - Film injection at p = 3O0, ML = 1.18, and 
0 = 3oo. (Same conditions as fig. 5(c). 1 
(a)  Reference (no flow). (b) ML = 0.38. 
(c) ML = 0.60. (d) ML = 1.19 (injection  through  upper  hole 
only). 
Figure 7. - Side view of injected film from a cylinder in crossflow, at various blowing ratios. Spanwise 
holes; injection angle, p, 30'; injection location, 0, No. 
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